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Abstract 
Spermiogenesis and the ultrastructure of the spermatozoon of the bothriocephalidean cestode 
Clestobothrium crassiceps (Rudolphi, 1819), a parasite of the teleost fish Merluccius 
merluccius (Linnaeus, 1758), have been studied by means of transmission electron 
microscopy. Spermiogenesis involves firstly the formation of a differentiation zone. It is 
characterized by the presence of two centrioles associated with striated rootlets, an 
intercentriolar body and an electron-dense material in the apical region of this zone. Later, 
two flagella develop from the centrioles, growing orthogonally in relation to the median 
cytoplasmic process. Flagella then undergo a rotation of 90° until they become parallel to the 
median cytoplasmic process, followed by the proximodistal fusion of the flagella with the 
median cytoplasmic process. The nucleus elongates and afterwards it migrates along the 
spermatid body. Spermiogenesis finishes with the appearance of the apical cone surrounded 
by the single helical crested body at the base of the spermatid. Finally, the narrowing of the 
ring of arched membranes detaches the fully formed spermatozoon. The mature 
spermatozoon of C. crassiceps is filiform and contains two axonemes of the 9+“1” 
trepaxonematan pattern, a parallel nucleus, parallel cortical microtubules and electron-dense 
granules of glycogen. The anterior extremity of the gamete exhibits a short electron-dense 
apical cone and one crested body, which turns once around the sperm cell. The first axoneme 
is surrounded by a ring of thick cortical microtubules that persist until the appearance of the 
second axoneme. Later, these thick cortical microtubules disappear and thus, the mature 
spermatozoon exhibits two bundles of thin cortical microtubules. The posterior extremity of 
the male gamete presents only the nucleus. Results are discussed and compared particularly 
with the available ultrastructural data on the former “pseudophyllideans”. Two differences 
can be stablished between spermatozoa of Bothriocephalidea and Diphyllobothriidea, the 
type of spermatozoon (II vs I) and the presence/absence of the ring of cortical microtubules. 
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Introduction 
The genus Clestobothrium is included in the recent tapeworm order Bothriocephalidea, 
which had formerly been included in the suppressed order “Pseudophyllidea” (Kuchta et al. 
2008a). In their study Kuchta et al. (2008a) showed that the order Pseudophyllidea consists 
of two unrelated clades using molecular, morphological, and ecological approaches. The 
ultrastructural spermatological data available to date support these results and confirm the 
existence of important ultrastructural differences between the species of both orders (Levron 
et al. 2005, 2006a,b,c, 2009; Bâ et al. 2007; Bruňanská et al. 2010; Šípková et al. 2010, 
2011). Bothriocephalideans are intestinal parasites of teleost fishes including 46 genera 
distributed into four families (Bothriocephalidae, Echinophallidae, Philobythiidae and 
Triaenophoridae). The genus Clestobothrium is included in the Bothriocephalidae along with 
another 13 valid genera (Kuchta et al. 2008a,b). Morphologically, individuals belonging to 
the genus Clestobothrium differ from other bothriocephalids because they possess a sphincter 
surrounding the anterior aperture of bothria (Schmidt 1986; Bray et al. 1994). To date, this 
genus comprises only three valid species: (1) Clestobothrium crassiceps, the genus type 
species that was initially described as Bothriocephalus crassiceps, (2) Clestobothrium 
gibsoni, formerly described as Bathygadus macrops, and (3) Clestobothrium neglectum, 
described as Raniceps raninus (Kuchta et al. 2008b). The remaining families of 
Bothriocephalidea include eight genera in the Echinophallidae, two genera in the 
Philobythiidae and 22 genera in the Triaenophoridae (Kuchta et al. 2008a,b). 
 
The usefulness of ultrastructural data of spermiogenesis and the spermatozoon to elucidate 
the phylogenetic relationships within the Platyhelminthes has been demonstrated by several 
authors (Euzet et al. 1981; Justine 1991, 1998, 2001; Bâ and Marchand 1995; Levron et al. 
2010). To our knowledge, the spermatological characters of only 13 species of the former 
“Pseudophyllidea” have been studied, including 10 bothriocephalideans and three 
diphyllobothriideans. Concerning the bothriocephalideans the analysed species are the 
bothriocephalids Bothriocephalus clavibothrium, Bothriocephalus claviceps, Bothriocephalus 
scorpii, Oncodiscus sauridae and Senga sp. (Świderski and Mokhtar-Maamouri 1980; Levron 
et al. 2006b; Bâ et al. 2007; Šípková et al. 2011), the echinophallids Parabothriocephalus 
gracilis and Paraechinophallus japonicus (Levron et al. 2006a; Šípková et al. 2010), and the 
triaenophorids Eubothrium crassum, Eubothrium rugosum and Triaenophorus nodulosus 
(Bruňanská et al. 2001, 2002, 2010; Levron et al. 2005). In what refers the 
diphyllobothriideans, the three studied species are the scyphocephalid Duthiersia fimbriata 
(Justine 1986), and the diphyllobothriids Diphyllobothrium latum and Ligula intestinalis 
(Levron et al. 2006c, 2009). 
 
The present study describes for the first time the spermiogenesis and the spermatozoon 
ultrastructure of Clestobothrium crassiceps, with the aim of providing new data on this genus 
potentially useful for phylogenetic analyses.  
 
Materials and methods  
Live adult specimens of Clestobothrium crassiceps were collected from the intestine of the 
teleost fish Merluccius merluccius (Gadiformes: Merlucciidae) caught in Roses (Girona, 
Spain). 
 
Live cestodes were first placed in a 0.9% NaCl solution. Later the mature proglottids were 
fixed in cold (4°C) 2.5% glutaraldehyde in a 0.1 M sodium cacodylate buffer at pH 7.4 for a 
minimum of 2h, rinsed in a 0.1 M sodium cacodylate buffer at pH 7.4, postfixed in cold 
(4°C) 1% osmium tetroxide in the same buffer for 1 h, rinsed in a 0.1 M sodium cacodylate 
buffer at pH 7.4, dehydrated in an ethanol series and propylene oxide, and finally embedded 
in Spurr’s resin. Ultrathin sections were obtained using a Reichert-Jung Ultracut E 
ultramicrotome, placed on copper grids and double-stained with uranyl acetate and lead 
citrate (Reynolds 1963). Ultrathin sections were examined using a JEOL 1010 TEM operated 
at an accelerating voltage of 80 kV.  
 
The presence of glycogen was detected using the method of Thiéry (1967). Gold grids were 
treated in periodic acid, thiocarbohydrazide, and silver proteinate (PA-TCH-SP) as follows: 
30 min in 10% PA, rinsed in distilled water, 24h in TCH, rinsed in acetic solutions and 
distilled water, 30 min in 1 % SP in the dark, and rinsed in distilled water. 
 
Results 
Spermiogenesis (Figs. 1 to 4) 
In the testes, spermatids are grouped in rosettes and are interconnected to a central cytophore 
by cytoplasmic bridges (Fig. 1a). Each spermatid contains a large nucleus with scattered 
chromatin and numerous mitochondria (Fig. 1a). Spermiogenesis starts by the formation of a 
zone of differentiation situated at the periphery of each spermatid (Fig. 1b). In the very early 
stages of spermiogenesis it is possible to observe an electron-dense material in the peripheral 
region of the zone of differentiation (Fig. 1b). The differentiation zone also contains two 
centrioles associated with striated rootlets and an intercentriolar body (Fig. 1b-d). The 
intercentriolar body is a cylindrical structure and consists of three electron-dense plates: one 
central thicker electron-dense layer bordered by two thin electron-dense layers (Fig. 1c). The 
differentiation zone is lined by a layer of submembranous cortical microtubules and 
delimited at its base by a ring of arched membranes (Fig. 1d). Cross-sections of this zone 
show that cortical microtubules are associated with an electron-dense material organized in 
several submembranous fields (Fig. 1c). In longitudinal sections, this electron-dense material 
is also visible and extends up to the ring of arched membranes (Fig. 1d). One of the 
centrioles elongates and gives rise to a flagellum (Fig. 1e). Later the second flagellum also 
elongates and, thus, two flagella of unequal length are formed perpendicularly to an incipient 
median cytoplasmic process (Fig. 1f). It is interesting to note that the growth of the flagella is 
asynchronous (Figs. 1e,f; 2a). Later, both flagella undergo a rotation of 90° and become 
parallel to the median cytoplasmic process (Fig. 2b-d). At this stage, four very small 
accumulations of electron-dense material, the so-called attachment zones, appear on the inner 
surface of the plasma membrane in the median cytoplasmic process (Fig. 2c). These 
attachment points mark the lines where the fusion of the median cytoplasmic process with the 
two axonemes takes place. 
 
Thus, both axonemes fuse with the cytoplasmic extension in a proximodistal way (Fig. 2e). 
The nucleus, located outside the ring of arched membranes, forms a cone-like extension 
directed towards the elongated spermatid (Fig. 2f). It is important to note that, after the 
proximodistal fusion, the axonemes become longitudinally displaced in relation to one 
another and striated rootlets are still present (Fig. 2f). Afterwards, the nucleus elongates and 
migrates into the spermatid (Fig. 3a). At the final stages of spermiogenesis, the ring of arched 
membranes narrows (Fig. 3b,c). The crested body and the future apical cone become visible 
only at the very end of spermiogenesis (Fig. 3c), just before the detachment of the mature 
spermatozoon from the residual cytoplasm. 
 Spermatozoon (Figs. 5 to 7) 
The mature spermatozoon of Clestobothrium crassiceps is filiform, tapered at both ends, and 
lacks mitochondria. From the anterior to the posterior extremities, four regions can be 
distinguished on the basis of distinctive ultrastructural features. 
Region I (Figs. 5a-h, 7I) constitutes the anterior extremity of the spermatozoon. It exhibits a 
small apical cone of electron-dense material, measuring 620 nm, surrounded by the single 
helical crested body (Fig. 5a,b). The crested body, 160 nm thick, is also short and describes 
only one turn around the sperm cell (Fig. 5a). At the anterior tip of the cell some 
microtubules become gradually visible from the apical cone area to the centriole area (Fig. 
5b-e). Thus, these microtubules progressively form an arc of cortical microtubules beneath 
the plasma membrane and finally, when the first axoneme appears, they constitute a complete 
ring of about 24 to 30 parallel submembranous cortical microtubules that encircles the 
axoneme (Fig. 5f-h). These cortical microtubules are characterized by a thick membrane and 
an electron-lucent centre and they extend up to Region II of the spermatozoon containing the 
second centriole (Fig. 5f-k). The axoneme shows the 9+“1” pattern of the trepaxonematan 
Platyhelminthes (Fig. 5f-h).  
 
Region II (Figs. 5i-n, 6a, 7II) lacks crested body and is characterized by the presence of two 
axonemes of the 9+“1” trepaxonematan pattern and also by the appearance of electron-dense 
granules of glycogen (Figs. 5l-n, 6a). At the end of Region I, scattered electron-dense 
microtubular elements appear indicating the beginning of the second centriole (Fig. 5i-k). At 
the same time, the ring of thick electron-dense cortical microtubules disorganizes and finally 
disappears (Fig. 5j,k). At this level, both axonemes are very close to each other being 
separated by two thin electron-dense cortical microtubules (Fig. 5l). At this level, four 
electron-dense points corresponding to the attachment zones are visible in cross-sections 
(Fig. 5l). Subsequently, the width of the spermatozoon increases, the cortical microtubules 
become arranged in two opposite parallel fields of four units, and electron-dense granules 
appear between them (Fig. 5m,n). The method of Thiéry reveals that these electron-dense 
granules are glycogen (Fig. 6a).  
 
Region III (Figs. 6b-d, 7III) contains two axonemes, electron-dense granules of glycogen, 
and two fields of submembranous and parallel cortical microtubules. This region is 
characterized by the beginning of the nucleus by the presence of the anterior part of nucleus 
(Fig. 6b). The nucleus is electron-dense with fibrillar patches of chromatin (Fig. 6c). 
Afterwards, the diameter of the nucleus increases gradually (Fig. 6b-d). Each field of parallel 
cortical microtubules is composed by seven to eight units. At the end of this region, one of 
the axonemes starts to disorganize and finally disappears (Fig. 6c,d). 
 
Region IV (Figs. 6e-j, 7IV) is characterized by the presence of one axoneme, nucleus 
(posterior part), electron-dense granules of glycogen, and parallel cortical microtubules. 
Cortical microtubules are still organized in two fields, composed of five to six units (Fig. 6e). 
They gradually disappear in the posterior part of this region, near the posterior extremity of 
the spermatozoon (Fig. 6e,f). The diameter of the nucleus increases at this level and reaches 
its maximum size (Fig. 6e). At the posterior part of the spermatozoon, the nucleus decreases 
in diameter and cortical microtubules disappear (Fig. 6f). Later the axoneme disorganizes: 
the central core disappears and doublets lose their arms (Fig. 6g), become disorganized, and 
finally they transform into singlets (Fig. 6h). At this level the nucleus subsists along with 
only a few singlets (Fig. 6h). The posterior extremity of the gamete is characterized by the 
nucleus surrounded by the plasma membrane (Fig. 6i,j). 
 Discussion  
Spermiogenesis 
There are some particularities in the spermiogenesis of the former “Pseudophyllidea” when 
comparing with the spermiogenesis of other orders of cestodes. For example, one of such 
particularities is the accumulation of electron-dense material in the apical area of the 
differentiation zone during the early stages of spermiogenesis. This electron-dense material, 
described for the first time in Eubothrium crassum (Bruňanská et al. 2001), has also been 
reported in caryophyllideans (Bruňanská and Poddubnaya 2006; Miquel et al. 2008; 
Bruňanská 2009; Yoneva et al. 2011) and spathebothriideans (Bruňanská et al. 2006; 
Bruňanská and Poddubnaya 2010), being present only during the initial stages of 
spermiogenesis. This electron-dense material has also been observed in Clestobothrium 
crassiceps in our study. According to Bruňanská and Poddubnaya (2010), this feature can be 
regarded as characteristic of the basal or lower eucestodes. It is also important to note that in 
all the studied species of the former “Pseudophyllidea” the cortical microtubules are 
associated with another electron-dense material present during spermiogenesis. Although this 
electron-dense material is observed in all the studied Bothriocephalidea and 
Diphyllobothriidea, it is not mentioned by the authors in their studies (Świderski and 
Mokhtar-Maamouri 1980; Justine 1986; Bruňanská et al. 2001, 2002, 2010; Levron et al. 
2005, 2006a,b,c, 2009; Bâ et al. 2007; Šípková et al. 2010, 2011). However, the localization 
of the electron-dense material in the differentiation zone of cestodes during spermiogenesis is 
sometimes restricted to the centriolar areas, as it happens for example in certain 
cyclophyllideans presenting the so-called centriolar adjunct or centriole associated structures 
(Bâ et al. 1991, 2000; Bâ and Marchand 1994, 1998; Miquel et al. 2005; Eira et al. 2006). 
Moreover, in some of these cyclophyllideans, such as Gallegoides arfaai or Mosgovoyia 
Eliminado:  orders
ctenoides, the electron-dense structures associated with centrioles are still present when the 
axonemes are already formed (Miquel et al. 2005; Eira et al. 2006).  
 
The process of spermiogenesis in C. crassiceps is characterized by a flagellar rotation and 
proximodistal fusion. This type of spermiogenesis corresponds to the “Pseudophyllidean 
type” of Świderski (1986) or to the type I of Bâ and Marchand (1995). It is important to 
remark that members of the two unrelated clades that constituted the former order 
Pseudophyllidea (Bothriocephalidea and Diphyllobothriidea) follow the type I of 
spermiogenesis (see Table I). Thus, taking into account that the four types of spermiogenesis 
stablished by Bâ and Marchand (1995) are the major characteristics of spermiogenesis in the 
eucestodes and that members of the two orders show the same pattern, future studies of 
spermiogenesis should be focussed on characters such as intercentriolar body, particularly for 
the diphyllobothriideans due to the scarce available data in this order. 
 
The intercentriolar body is a character used in phylogenetic studies for the classification of 
higher-level cestodes (Hoberg et al. 1997; Justine 2001; Olson et al. 2001; Levron et al. 
2010). The intercentriolar body in C. crassiceps includes three electron-dense layers 
delimited by four electron-lucent layers. This character is variable within the 
“Pseudophyllidea” and the number of plates varies from one to five within the group. It is 
formed by a single electron-dense layer in both B. scorpii and E. crassum (Bruňanská et al. 
2001; Levron et al. 2006b), by three layers in P. gracilis, T. nodulosus and D. latum (Levron 
et al. 2005, 2006c; Šípková et al. 2010) as occurs in C. crassiceps, and by five layers in L. 
intestinalis (Levron et al. 2009). According to Justine (2001), a progressive reduction of the 
intercentriolar body occurs in the higher cestodes.  
 
Spermatozoon 
Recent studies on cestode spermatozoa have revealed numerous new ultrastructural 
characters showing a great degree of variation. These numerous supplementary characters are 
constantly increasing the degree of utility of spermatozoon ultrastructure for analysis of 
cestode phylogeny and evolution (Hoberg et al. 1997, 1999; Justine 2001; Olson et al. 2001; 
Levron et al. 2010). 
 
The spermatozoon of C. crassiceps also shows particular characters. It possesses two 
axonemes of the 9+“1” trepaxonematan pattern, a single crested body, parallel nucleus and 
parallel cortical microtubules. Therefore it corresponds to the type II spermatozoon of 
Levron et al. (2010). This type has been reported in all the studied species of 
Bothriocephalidea (Świderski and Mokhtar-Maamouri 1980; Bruňanská et al. 2001, 2002, 
2010; Levron et al. 2005, 2006a,b; Bâ et al. 2007; Šípková et al. 2010, 2011), Tetraphyllidea-
Onchobothriidae (Mokhtar-Maamouri and Świderski 1975; Mokhtar-Maamouri 1982; 
Quilichini et al. 2007; Marigo et al. 2011a), Proteocephalidea (Sène et al. 1997; Bruňanská et 
al. 2003a,b; 2004a,b) and in two Diphyllidea (Azzouz-Draoui 1985). 
 
An interesting feature in the spermatozoon of C. crassiceps is the presence of an apical cone 
in its anterior extremity. Among the 13 previously studied “pseudophyllideans” this structure 
was only described by Bâ et al. (2007) in Bothriocephalus claviceps. However, in B. 
claviceps, the apical cone is very long (around 6.6 μm) while in C. crassiceps this structure is 
short and measures about 600 nm. 
 
The crested body is another structure that also marks the anterior part of the spermatozoon 
and is present in most but not all cestode spermatozoa. In the Bothriocephalidea, the crested 
body is present in almost all studied species except for a single taxon, Bothriocephalus 
clavibothrium (Świderski and Mokhtar-Maamouri 1980). The presence of the crested body is 
considered a synapomorphy for the eucestodes (Bâ and Marchand 1995). Posteriorly, Justine 
(1998) proposed the crested body as a synapomorphy in derived groups of cestodes, 
including the Pseudophyllidea. Therefore, the crested body is presumably absent in the most 
basal eucestodes, i.e., Caryophyllidea, Spathebothriidea, Haplobothriidea and 
Trypanorhyncha (Levron et al. 2010). In light of the spermatozoon study presented here, as 
well as previous ones, the crested body is only present in bothriocephalidean cestodes, but 
not in diphyllobothriideans (see Table I).  
 
The anterior part of the spermatozoon of bothriocephalideans is characterized by the presence 
of a ring of thick electron-dense cortical microtubules encircling the axoneme (Świderski and 
Mokhtar-Maamouri 1980; Bruňanská et al. 2002, 2010; Levron et al. 2005, 2006a,b; Šípková 
et al. 2010, 2011). This feature has not been observed in the diphyllobothriideans Ligula 
intestinalis or D. latum (Levron et al. 2006c, 2009). However, an incomplete ring of cortical 
microtubules has been described in the diphyllobothriidean Duthiersia fimbriata (Justine 
1986), but this observation requires confirmation. Later, in more posterior areas of the 
spermatozoon these cortical microtubules become thin and, consequently two types of 
microtubules have been observed: the first type (thick cortical microtubules) forms the ring 
and is localised in the anterior part, and the second type (thin cortical microtubules) is 
localised posteriorly (Świderski and Mokhtar-Maamouri 1980; Bruňanská et al. 2002, 2010; 
Levron et al. 2005, 2006a,b; Šípková et al. 2010, 2011). Among the Bothriocephalidae some 
species present particularities such as those in B. claviceps (Bâ et al. 2007) presenting a 
partial ring of cortical microtubules. Also, in E. crassum cortical microtubules had been 
initially attributed to a posterior area of the sperm cell (Bruňanská et al. 2002). Nonetheless, 
Eliminado: Eucestoda
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Eliminado: for 
Eliminado: for 
Eliminado: appears 
Eliminado: when the first type disappears 
sections containing the ring of cortical microtubules were recently attributed to the anterior 
region of the spermatozoon (Bruňanská et al. 2010). In Triaenophorus nodulosus, 
Bothriocephalus scorpii and Eubothrium rugosum this ring of cortical microtubules 
participates in the formation of the crested body (Levron et al. 2005, 2006b; Bruňanská et al. 
2010). On the other hand, the first type of cortical microtubules generally stays in the first 
region of the spermatozoon, but in B. claviceps (Bâ et al. 2007) some electron-dense 
microtubules were found in the posterior areas of the sperm cell. According to Šípková et al. 
(2010) this ring of electron-dense cortical microtubules is only described in the spermatozoa 
of bothriocephalideans and may indicate a suitable spermatozoon character for recognition of 
divergent taxa. On the other hand, Levron et al. (2010) considered the ring of electron-dense 
cortical microtubules as a possible autapomorphy for the Bothriocephalidea. This fact is 
confirmed in the study of Oncodiscus sauridae and Senga sp, (Šípková et al. 2011) and also 
in C. crassiceps in the present study. 
 
The attachment zones indicate the area of fusion of the two free flagella with the median 
cytoplasmic process during spermiogenesis. These structures, observed in C. crassiceps 
during the present study, are also described in six other Bothriocephalidea namely 
Paraechinophallus japonicus, Bothriocephalus scorpii, E. crassum, E. rugosum, Oncodiscus 
sauridae and Senga sp (Levron et al. 2006a,b; Bruňanská et al. 2010; Šípková et al. 2011), in 
two Diphyllobothriidea namely Ligula intestinalis and Diphyllobothrium latum (Levron et al. 
2006c, 2009) and in three Trypanorhyncha namely Aporhynchus menezesi, Dollfusiella 
spinulifera and Parachristianella trygonis (Miquel and Świderski 2006, Miquel et al. 2007, 
Marigo et al. 2011b). 
 
Con formato: Subrayado
Con formato: Subrayado
Con formato: Subrayado
The posterior part of the spermatozoon of C. crassiceps as in D. latum (Levron et al. 2006c) 
shows only the nucleus. This posterior end in bothriocephalidean and diphyllobothriidean 
cestodes is variable even within the species and contains a nucleus, or a nucleus plus 
microtubules, or an axoneme (see Table I). According to this variability, the posterior 
extremity of the spermatozoon does not appear to possess characters suitable for 
differentiating members of Bothriocephalidea and Diphyllobothriidea. 
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Legends of figures 
 
Fig.1 Spermiogenesis in Clestobothrium crassiceps. a Rosette showing numerous peripheric 
spermatids attached to the central cytophore (Cy). M mitochondria, N nucleus. Bar 5 µm. b 
Longitudinal section of an early stage of spermiogenesis showing the appearance of the 
electron-dense material (DM). IB intercentriolar body, N nucleus, SR striated rootlets. Bar 
0.5 µm. c Cross-section of the differentiation zone showing the intercentriolar body and the 
cortical microtubules (CM) associated with the electron-dense material (DM). Arrowheads 
indicate the three electron-dense layers forming the intercentriolar body. SR striated rootlets. 
Bar 0.3 µm. d Longitudinal section of an early stage of spermiogenesis showing the presence 
of two centrioles (C), striated rootlets (SR), the intercentriolar body (IB) and the electron-
dense material (DM) in the zone of differentiation. AM arched membranes, N nucleus. Bar 
0.5 µm. e, f Two longitudinal sections of the differentiation zone confirming the asynchronic 
growth of the flagella. C2 second centriole, DM electron-dense material, F1 first flagellum, 
IB intercentriolar body, N nucleus. Bar 0.5 µm. 
 
Fig. 2 Spermiogenesis in Clestobothrium crassiceps. a Longitudinal section of the zone of 
differentiation showing the unequal length of flagella (F1 first flagellum, F2 second 
flagellum) during the flagellar rotation. DM electron-dense material, N nucleus. Bar 0.5 µm 
b Longitudinal section of the zone of differentiation showing the two flagella (F) well 
developed. IB intercentriolar body, MCP median cytoplasmic process. Bar 0.5 µm. c, d Cross 
and longitudinal sections of the differentiation zone after the flagellar rotation. Note the 
presence of four attachment zones in the median cytoplasmic process (arrowheads). AM 
arched membranes, CM cortical microtubules, DM electron-dense material, F flagellum, 
MCP median cytoplasmic process Bar 0.3 µm, Bar 0.5 µm. e Longitudinal section of 
spermatid after the proximodistal fusion of axonemes (Ax). AM arched membranes. Bar 0.5 
µm. f Longitudinal section at the beginning of the nuclear migration towards the cytoplasmic 
process. Note that the axonemes (Ax) are longitudinally displaced in relation to one another 
and that the striated rootlets (SR) are still present. AM arched membranes, N nucleus. Bar 
1µm.  
 
Fig. 3 Spermiogenesis in Clestobothrium crassiceps. a Longitudinal section of the spermatid 
during the nuclear (N) penetration showing the two axonemes longitudinally displaced in 
relation to one another (Ax1 first axoneme, Ax2 second axoneme). SR striated roots. Bar 1 
µm. b,c Longitudinal sections of a final stage of spermiogenesis showing the narrowing of 
the ring of arched membranes (arrows) and the appearance of the apical cone (AC) and the 
crested body (CB). Ax1 first axoneme, CM cortical microtubules. Bar 1 µm, Bar 0.5 µm. 
  
Fig. 4 Diagram showing the main stages of spermiogenesis in Clestobothrium crassiceps. 
AC apical cone, AM arched membranes, Ax1 first axoneme, Ax2 second axoneme, C1 first 
centriole, C2 second centriole, CB crested body, CM cortical microtubules, DM electron-
dense material, F1 first flagellum, F2 second flagellum, IB intercentriolar body, MCP median 
cytoplasmic process, N nucleus, SR striated rootlets. 
 
Fig. 5 Mature spermatozoon of Clestobothrium crassiceps. a Longitudinal section of the 
anterior extremity (ASE) of the sperm cell showing the apical cone (AC) and the first 
axoneme (Ax1) surrounded by the crested body (CB). CM cortical microtubules. Bar 1 µm 
b-f Consecutive cross-sections of the anterior extremity of the spermatozoon from the apical 
cone (AC) to the beginning of the first axoneme (Ax1). Note the progressive formation of the 
ring of electron-dense cortical microtubules (CM). C1 first centriole, CB crested body. Bar 
0.5 µm. g Cross-section showing the almost complete ring of electron-dense cortical 
microtubules around the axoneme after the disappearance of the crested body (arrowhead). 
Bar 0.5 µm. h Cross-section showing the complete ring of 30 cortical microtubules (CM) 
encircling the first axoneme. Bar 0.5 µm. i-k Consecutive cross-sections showing the gradual 
formation of the second axoneme (transition area between Region I and Region II). Note at 
the same time the progressive disorganisation of the ring of electron-dense cortical 
microtubules. C2 second centriole. Bar 0.5 µm. l Cross-section of the Region II showing the 
four attachment zones (arrowheads). Note the presence of only one parallel electron-lucent 
cortical microtubule between the attachment points at each side of the spermatozoon. Bar 0.5 
µm. m Cross-section of Region II showing granules of glycogen (G) and two opposite fields 
of parallel electron-lucent cortical microtubules (CM) between the axonemes. Bar 0.5 µm. n 
Longitudinal section of Region II showing large amounts of glycogen (G). Ax axoneme. Bar 
1 µm.  
 
Fig. 6 Mature spermatozoon of Clestobothrium crassiceps. a Cross-section of Region II 
showing the presence of glycogen (G) evidenced by the cytochemical analysis using the test 
of Thiéry. Bar 0.5 µm b Cross-section of Region III showing the nucleus (N) and two 
axonemes. CM cortical microtubules. Bar 0.5 µm c Longitudinal section of the nuclear 
region showing the transition area between Regions III and IV. Note the posterior extremity 
of the axoneme (Ax) (arrowhead). N nucleus. Bar 1 µm. d Cross-section of Region IV 
showing the disorganisation of one of the axonemes. N nucleus, S singlets. Bar 0.5 µm. e,f 
Consecutive cross-sections of the posterior area of the spermatozoon showing the reduction 
of the size of nucleus (N), the reduction of glycogen and the reduction in the number of 
cortical microtubules (CM). Bar 0.5 µm. g,h Consecutive cross-sections of the posterior tip 
of the spermatozoon showing the progressive disorganisation of the axoneme. D doublets, N 
nucleus, S singlets. Bar 0.5 µm. i Cross-section of the posterior tip of the spermatozoon 
showing only the nucleus (N). Bar 0.5 µm. j Longitudinal section of the posterior 
spermatozoon extremity (PSE). Note the progressive disorganization of the last axoneme 
(Ax) near the end of the spermatozoon body. N nucleus. Bar 1 µm. 
 
Fig. 7 Schematic reconstruction of the mature spermatozoon of Clestobothrium crassiceps. 
To simplify the diagram, the granules of glycogen are not shown in the longitudinal section. 
AC apical cone, ASE anterior spermatozoon extremity, Ax1 first axoneme, Ax2 second 
axoneme, AZ attachment zones, C1 first centriole, C2 second centriole, CB crested body, 
CM cortical microtubules, D doublets, G granules of glycogen, N nucleus, PM plasma 
membrane, PSE posterior spermatozoon extremity, S singlets. 



CM
F1
AM
MCP
b
Ax2
Ax1
e
N
IB
C1 C2
CM
F2
a
d
N
Ax1
SR
Ax2
F1 F2
SR
CB
CM
AC
SR
f
DM
c
Ax2
Ax1
DM
AM


Ax1
I
II
III
IV
AZ
N
AC
ASE
PSE
S
CM
G
C2
Ax2
C1 CB
CB
C1
N
S
C2
Ax1 CM
CM
Ax2
CM
PM
D
